Abstract. Although the primary cell cultures from dental pulp and other oral tissue are frequently used to study osteogenic potential and stem cell responses, few systematic and comparative studies on stemness for the dentinogenic differentiation of these cells have been conducted. In the present study, to investigate the stemness of oral primary cells during extended culture, human adult dental pulp cells (hDPCs), periodontal ligament stem cells (hPDLSCs) and gingival fibroblasts (hGFs) were obtained and cultured from pulp tissue, periodontal ligaments, and marginal and attached gingival tissue of extracted third molars, respectively. As shown by fluorescence-activated cell sorting analysis and immunophenotyping, the mesenchymal stem cell markers, CD44, CD73, CD90, CD146 and CD166, were highly expressed in early passage hDPCs, hPDLSCs and hGFs. However, when the cells were treated with osteogenic additives, mineralization markedly increased in the hDPCs and hPDLSCs, but not in the hGFs. Moreover, the expression of dentinogenic markers, such as dentin sialophosphoprotein and dentin matrix protein-1, appeared to decrease during extended culture past passage number 8 of the hDPCs and hPDLSCs. These data suggest that hDPCs and hPDLSCs may have differentiation potential during the early passages, and that their progenitor potential is diminished during extended culture. The hGFs did not show differentiation capability during culture, even though they contained general mesenchymal stem cell surface proteins. The transcriptional expression of dentinogenic markers in hDPCs was not affected by co-culture with hPDLSCs and/or hGFs.
Introduction
Tissue-specific stem cells have differentiation potential and regenerate missing tissue continuously (1, 2) . At present, tissue regeneration using stem cells is considered effective with good therapeutic value. However, there are some technical issues, such as where stem cells can be obtained from, how to induce differentiation into target tissue cells and how long the cells can maintain their healthy status in the body. Adult stem cells, such as hematopoietic, epithelial and neural stem cells, are found in some parts of the human body (3) (4) (5) (6) . Dental pulp cells (DPCs), which have the capacity to produce dentin matrix, can be differentiated into osteoblasts, chondrocytes, adipocytes, endothelial cells and neurons (7) (8) (9) (10) . The undifferentiated progenitor pulp cells, residing in the perivascular niche of the dental pulp, the so-called subodontoblastic cell-rich zone, may migrate to the site of injury for reparative dentinogenesis (11) (12) (13) . Human dental pulp contains a stromal stem cell population with high proliferative potential that induces mineralized dentinogenesis and is positive for cell surface markers, such as STRO-1, CD44 and CD146 (14) (15) (16) . Although the expression levels of these factors differ among species, including pigs, rats and rodents, some markers provide the possibility of detecting specific stemness in human DPCs (hDPCs) (17) (18) (19) (20) . In addition to DPCs, human periodontal ligament stem cells (hPDLSCs) are found near the periodontal ligament of the teeth and are involved in the regeneration of the periodontal ligament, alveolar bone and cementum (12, (21) (22) (23) . The morphology and mineralization of hPDLSCs isolated from periodontal ligament tissue is similar to that of hDPCs (21, 24) . Gingival fibroblasts (GFs) organize the oral tissue attached to the alveolar bone of tooth sockets and function as a biological mucosal barrier, producing inflammatory cytokines such as interleukin (IL)-6 and IL-8 (25) . Mesenchymal cells from the oral mucosa contain stem cell factors that are excreted from human GF (hGF)-like cells (26, 27) . Although it has been previously reported that GFs contribute to oral wound healing with phenotypically different features from other fibroblasts and contain a mesenchymal stem cell population (28) , their stemness remains unclear. The present study focused on a comparison of the in vitro osteo/dentinogenic differentiation potential of hPDLSCs, hGFs and hDPCs together during extended culture. In addition, we investigated whether hPDLSCs and/or hGFs affect the osteo/dentinogenic differentiation of hDPCs in a co-culture experiment.
Materials and methods
Isolation and culture of hDPCs, hPDLSCs and hGFs. Five human third molars were collected from patients aged 20-25 years under guidelines approved by the Institutional Review Board (IRB) of Dankook Dental Hospital, Cheonan-si, Korea. Following extraction, the periodontal ligament and attached gingival tissue were scraped from the surface of the teeth. The dental crown was fractured and the dental pulp was recovered. The tissue was chopped with a scalpel into small sections under sterilized conditions, and the suspension was incubated in α-MEM (Gibco/ Life Technologies, Carslbad, CA, USA) containing 20% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and antibiotics at 37˚C in a humid atmosphere containing 5% CO 2 for 3-5 days. The cells stretched out from the tissue sections were re-plated, and 80% confluent cultures were used as passage number 0. Adherent cells grown to 70% confluency were subcultured at a 1/5 dilution for later passage. The media were replaced every 3 days until the cells had grown to the appropriate confluency. The primary cultures of pulp, periodontal ligament and gingival tissue were performed separately with the cells of each tooth, and each culture was analyzed separately. For differentiation, 5 mM β-glycerophosphate, 100 nM dexamethasone and 100 µM ascorbic acid were added to the culture media as additives and the cells were incubated for 8-14 days, as previously described (15) . For the indirect co-culture of the cells, 2x10 5 cells of human DPCs at passage number 2 were cultured in a 6-well plate, and the same numbers of hPDLSCs and hGFs were seeded into a 40-µm cell strainer (BD Falcon™; BD Biosciences, San Jose, CA, USA), was placed on a 6-well plate containing pulp cells for indirect co-culture. For culture on polycaprolactone (PCL) membrane (kind gift from Dr H.W. Kim, Dankook University), the membranes were sterilized in 70% alcohol overnight, rinsed thoroughly with PBS, and treated with ultraviolet (UV) light overnight. After sterilization, PCL membranes were placed in tissue culture plates. The cell suspension at a density of 80,000 cells/ml was seeded into each well and maintained in a humidified atmosphere with 5% CO 2 at 37˚C.
Flow cytometry and immunophenotyping. At each passage, the hDPCs, hPDLs and hGFs were harvested using trypsin-free dissociation buffer (Millipore, Billerica, MA, USA) and suspended in PBS containing 5% fetal bovine serum at 1x10 6 cells/ml of concentration. To immunophenotype the primary cells, the cells were treated with antibodies against the following human cell surface antigens: CD24 (555428), CD44 (550989), CD73 (550257), CD90 (555596), CD106 (555647), CD146 (550315) and CD166 (559263). Anti-human IgG was used as a negative control. All the antibodies were labeled with phycoerythrin (PE) and purchased from BD Biosciences. PE-conjugated STRO-1 antibody was purchased from Santa Cruz Biotechnology (sc-47733; Santa Cruz, CA, USA). The cells were analyzed by flow cytometry using a FACSCalibur flow cytometer (BD Biosciences). The FACS data were analyzed and plotted by measuring the mean fluorescence using CellQuest software and the WinMDI program.
Alizarin red S staining. The hDPCs, hPDLs and hGFs were cultured and stimulated for differentiation as previously described (15) . Culture dishes were washed with Ca 2+ -free PBS twice. The cells were fixed with 70% ethanol for 5 min at room temperature, and were then allowed to dry completely. For staining, the cells were treated with 2% Alizarin red S (pH 4.5) (Sigma-Aldrich, St. Louis, MO, USA) for 1 min and then washed with distilled water. For quantification, the deposits bound to Alizarin red were extracted with 10% acetic acid. Following neutralization with 10% ammonium hydroxide and the optical density was analyzed at a wavelength of 405 nm.
Western blot analysis. Total protein was extracted from the cells using cell lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA and 0.5% NP-40), and the protein concentration was estimated using Bradford reagent (Bio-Rad Laboratories, Hercules, MA, USA). Forty micrograms of total protein were resolved on SDS-PAGE, electrotransferred onto a PVDF membrane, and probed with the appropriate antibodies in TBS containing 0.05% Tween-20 and 5% skim milk. Protein signals were visualized using an enhanced chemiluminescence (ECL) detection system (Amersham Biosciences, Piscataway, NJ, USA). Antibodies for dentin sialophosphoprotein (DSPP; SC-73633) and dentin matrix protein-1 (DMP-1; M176) were obtained from Santa Cruz Biotechnology and Takara Bio Inc. (Tokyo, Japan), respectively. The primary antibodies and secondary antibody, goat anti-rabbit IgG (Millipore), were used at a dilution of 1:200-1:500 and 1:2,000, respectively.
Reverse transcription quantitative (real-time) polymerase chain reaction (RT-qPCR).
Total RNA was isolated from 5x10 5 -1x10 6 cells using the NucleoSpin ® RNA XS RNA prep kit (Macherey-Nagel Inc., Bethlehem, PA, USA) and 2 µg of total RNA were reverse-transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad Laboratories) with oligo primer in 25 µl of reaction mixture consisting of RNA, dNTP, primer, RNasin and AMV reverse transcriptase. Following a denaturation step, synthesis reaction was performed for 60 min at 42˚C. Equal amounts of cDNA were used for the real-time amplification of the target genes in triplication using the SsoFast EvaGreen Supermix/iQ SYBR ® -Green Supermix kit (Bio-Rad Laboratories) according to the instructions for the CFX96 Real-Time PCR detection system (Bio-Rad Laboratories). The relative expression levels of GAPDH, DMP-1 and DSPP were determined. The primers used for realt i me P C R were a s fol lows: GA PDH, for wa rd, 5'-GGAGTCCACTGGCGTCTTCAC-3' and reverse, 5'-GCTG ATGATCTTGAGGCTGTTGTC-3'; DMP-1, forward, 5'-CAG GAAGAGGTGGTGAGTGAGTC-3' and reverse, 5'-CTGGA TTCGCTGTCTGCTTGC-3'; DSPP, forward, 5'-CAGTAC AGGATGAGTTAAATGCCAGTG-3' and reverse, 5'-CCATT CCCTTCTCCCTTGTGACC-3'. The expression of GAPDH was used as a reference. CFX Manager™ software version 1.5 was used in the analysis of the results.
Results

hDPC, hPDLSC and hGF primary cultures contain stem cell populations.
To investigate passage-dependence of stemness from the oral cell population, we obtained pulp, periodontal ligament and attached gingival tissue from human adult third molars, and performed primary cultures. Due to the fact that specific hDPSC and hPDLSC surface markers have not been identified to date, general mesenchymal stem cell markers were used to detect the stem cell population within the primary cultures. We used CD44, CD73, CD90, CD106, CD146, CD166 and STRO-1 to identify the stem cell populations. CD44, CD73, CD90, CD146 and STRO-1 are general surface proteins for identifying mesenchymal and hematopoietic stem cells (29) (30) (31) (32) (33) (34) (35) (36) . In addition, both CD106 (VCAM-1) and CD166 are markers for bone marrow mesenchymal stem cells (37, 38) . The cells from each primary culture were pooled and treated with surface antibody conjugated with PE, and the fluorescence intensity of the cells was analyzed by flow cytometry. The hDPCs and hPDLSCs during early passage strongly expressed CD44, CD73, CD90, CD146 and CD166 (Fig. 1A and B, panels b-d, f and g). Although CD24 and CD106 are dental apical papilla stem cell markers (9,39), they were not expressed in the hDPCs and hPDLSCs used in the present study ( Fig. 1A and B, panels a and e). In addition, STRO-1 was not a proper surface marker to define dental stem cells from pulp and the periodontal ligament (data not shown), although it has been used as a general mesenchymal stem cell marker. The expression of CD44, CD73, CD90 and CD166 increased during hDPC passage numbers 4-6 and decreased at passage number 8 (Fig. 1D , circle in panels a-c and e). CD146 expression increased during early passage (Fig. 1D, circle in panel d) . The levels of CD146 and CD166 peaked during the initial passages of hPDLSCs (Fig. 1D , square in panels d and e), whereas CD73 and CD90 were highly expressed during passage numbers 4-6 (Fig. 1D , square in panels b and c). The expression of CD44 in the hPDLSCs was consistent during the extended culture (Fig. 1D, square in panel a) . When the cells from the attached gingival tissue were cultured, the very early passage numbers expressed the general mesenchymal stem cell markers, CD44, CD73, CD90, CD146 and CD166 [ Fig. 1C and D (triangle in panels a-e)]. The expression of these markers decreased rapidly with the increase in passage number during extended culture. These findings indicate that hGFs, as well as hDPCs and hPDLSCs, contain a stem cell population during early passage in primary culture.
Mineralization efficiency of hDPCs, hPDLSCs and hGFs. When we cultured hDPCs, hPDLSCs and hGFs devided from tissue sections of third molar teeth, cells from individual cultures had a fibroblast-like, spindle-shaped and elongated morphology without treatment with differentiation additives (Fig. 2 ,panel 1) . To investigate the osteo/dentinogenic potential of these dental cells, cells from passage number 2 were treated with differentiation additives containing β-glycerophosphate, ascorbic acid and dexamethasone. After 7 days of treatment with differentiation additives, the hDPCs and hPDLSCs formed sporadic aggregates (Fig. 2Aand B, panel 2) . These aggregates developed into a layer covering the cell surface after 2 weeks ( Fig. 2A and B,  panel 3 ). During the induction of differentiation, the depository layer produced on the hDPCs was more extensive than that on the hPDLSCs and covered the entire adherent layer on the surface of the hDPCs. Although these aggregative structures were also formed without additive treatment during early passage in the hDPCs and hPDLSCs, the efficiency of aggregate formation was very low (data not shown), as shown in a previous study (15) . The hGFs also showed a fibroblast-like and elongated morphology without treatment with differentiation additives, similar to the hDPCs and hPDLSCs (Fig. 2C, panel 1) . However, following the induction of differentiation, the population of hGFs appeared as a fine mesh-like structure without the depository layer overspreading the entire culture (Fig. 2C, panel 3) . To investigate whether these aggregates or the sheath-like structure included calcium deposits by mineralization, the cells were stained with Alizarin red S solution. Alizarin red S-positive deposits were observed over the whole cell layer evenly in both the hDPCs and hPDLSCs from early passage (Fig. 3A, panel 2 parts a and c), whereas these deposits were not detected in the hGFs (Fig. 3A, panel 2 part b) . The hDPCs and hPDLSCs in extended passage did not form calcium deposits under differentiation conditions (Fig. 3B, panel 2 parts a and c) . Due to the fact that the efficiency of cell adhesion and osteo/dentinogenic differentiation of hDPCs, hPDLSCs and hGFs may be affected on biomaterial surface mimicking the mechanical environment of the extracellular matrix, these cells were cultured on poly(ε-caprolactone) (PCL) fibrous membranes, as previously described (40, 41) . After 2 weeks of differentiation, the amount of mineral deposits from the hDPCs cultured on the PCL membranes was greater than that from the hPDLSCs and hGFs (Fig. 3C, parts a and b, lanes 1-3) . Under the same conditions, the hGFs did not form mineral deposits during culture on biomaterial (Fig. 3C, parts a and b, lane 2) .
Expression of dentin markers in hDPCs, hPDLSCs and hGFs under differentiation conditions.
To investigate the dentinogenic potential of hDPCs, hPDLSCs and hGFs during differentiation, the endogenous protein levels of dentinogenic markers were analyzed during extended cell culture. Under differentiation conditions, the expression of DSPP in the hDPCs and hPDLSCs markedly increased (Fig. 4A and B, α-DSPP in panel b). The expression levels of DMP-1 also increased in both cell types under the same conditions, although at lower levels than those of DSPP ( Fig. 4A and B, α-DMP in panel b). Of note, dentin marker expression decreased with the increasing passage number during extended culture. In both cases, dentin marker expression peaked during early passage (passage numbers 4-6), and diminished at passage 8 ( Fig. 4A and B, Dentinogenic potential of hDPCs during co-culture with hPDLSCs and/or hGFs. We performed an indirect co-culture experiment with the hPDLSCs and/or hGFs to determine whether any soluble factors from these cells can provide a dentinogenic niche for dental pulp stem cells. The cell culture inserts were placed in wells seeded with hDPCs and the PDLSCs and/or hGFs were seeded within the inserts. This condition created a cell-cell barrier between the hDPCs and the hPDLSCs and/or hGFs, thus allowing the diffusion of medium and proteins. After 7 days of differentiation, the transcriptional expression of dentinogenic markers from the total RNA purified from the hDPCs was analyzed by RT-qPCR. The transcriptional expression of DSPP and DMP-1 increased when the cells were stimulated with the additives (Fig. 5) . When the differentiation of the hDPCs was induced without co-culture, the expression of dentinogenic markers increased with the increasing duration of induction. The DSPP transcript level increased ≥3-fold compared to the control (at 0 days of differentiation) after 7 and 14 days of incubation (Fig. 5A, bar  graph a) . The DMP-1 transcript level increased 2-and 5-fold compared to the control after 7 and 14 days of incubation, respectively (Fig. 5B, bar graph a) . When the hDPCs were co-cultured with hGFs, the transcript levels of these markers also increased during differentiation to similar levels in comparison with those of the hDPCs cultured alone (Fig. 5A  and B, bar graph b) . When the hDPCs were co-cultured with hPDLSCs, the transcript levels of DSPP and DMP-1 were increased by >2-fold compared to the hDPCs cultured alone, even when the cells were not treated with differentiation additives (Fig. 5A and B, bar graphs a and c, black bars) .
Although the expression levels of these genes were observed to be slightly increased after 7 and 14 days of differentiation in comparison with those of the hDPCs cultured alone, the rate of increment from the expression levels at day 0 was not significant under the co-culture conditions during differentiation ( Fig. 5A and B , bar graph c, grey and dark grey bars). These data suggested that dentinogenic gene expression in hDPCs may be induced by indirect co-culture with hPDLSCs without inducing differentiation; however, the effects of indirect co-culture with hPDLSCs and those of treatment with differentiation additives on the mineralization of hDPCs were not synergistic. Additionally, when the hDPCs were co-cultured with hPDLSCs and hGFs in a co-culture insert, no significant synergistic effect was observed on the transcriptional expression of dentinogenic markers in hDPCs after 7 and 14 days of differentiation ( Fig. 5A and B, graph d) .
Discussion
Previous studies have investigated the differentiation potential of DPCs, PDLs and GFs isolated from the dental tissue of various species. Although it has been suggested PDLSCs, and GFs, as well as DPCs have stemness and differentiation potential (17, 21, 42) , systematic and comparative studies on the stemness of these oral cells are limited. In the present study, we confirmed the presence of a stem cell-like population in hDPCs, PDLSCs and hGFs comparatively by the systematic study of the osteo/dentinogenic differentiation of these cells. The hDPCs and hPDLSCs during early passage strongly expressed representative mesenchymal stem cell markers (Fig. 1A and B, panels b-d, f and g), whereas the already known dental apical papilla stem cell markers, CD24 and CD106, were not expressed in the hDPCs and hPDLSCs used in the present study (Fig. 1A and B, panels a and e). These findings strongly suggest that hDPCs and hPDLSCs are different lineages from dental apical papilla cells, although they contain a mesenchymal stem cell-like population (21, 24, 26) . Under osteogenic conditions, the hPDLSCs, as well as the hDPCs, highly mineralized and expressed dentinogenic markers (Figs. 3  and 4) . During extended culture, the differentiation potential of the hPDLSCs peaked during early passage and decreased gradually after 8-9 passages (Fig. 4B, panels a and b) , indicating that the hPDLSCs may have differentiated and/or lost their stemness potential during extended culture in a similar manner with the hDPCs, as desribed in a previous study (15) . Moreover, we demonstrated that the hPDLSCs have dentinogenic potential (Fig. 4B) . As previously reported, PDLSCs are also involved in the regeneration of the periodontal ligament, alveolar bone and cementum (21) . These data indicate that hPDLSCs, as well as hDPCs may be a adult stem cell source for the regeneration of teeth and their periphery. It is disputed whether GFs contain stem cells that have the potential to regenerate multiple tissue cells. Mitrano et al (28) reported that primary cells from gingival connective tissue contain mesenchymal stem cells and have adipogenic, chondrogenic and osteogenic differentiation potential. In the present study, when hGFs from the attached gingival tissue were cultured, the cells from very early passages expressed the general mesenchymal stem cell markers, CD44, CD73, CD90, CD146 and CD166 [ Fig. 1C and D (triangle in  panels a-e) ]. However, these cells did not show mineralization potential (Fig. 3) , suggesting that there are few dentinogenic progenitors in primary cell populations. Previously, CarmonaRodriguez et al (42) reported that the mineralization potential of hGFs can be controversial, due to variations in the external environment, such as the composition of extracellular matrix and the existence of functional osteoblasts. In addition, the association, if any exits, between the expression of mesenchymal stem cell markers and dentinogenic potential remains to be elucidated. Indeed, although CD44, CD73 and CD90 were strongly expressed on the cell surface of the hGFs in our immunotyping experiment (Fig. 1C, panels b-d) , dentinogenic markers, such as DSPP and DMP-1, were not expressed during differentiation (Fig. 4C, panel b) . These results also indicate that mesenchymal stem cell markers, such as CD44 and CD90, are not proper markers for discriminating dentinogenic progenitors, and that more specific surface markers are required to detect dentinogenic stem/progenitor cells.
The stem cell niche refers to an in vivo or in vitro stem cell microenvironment that interacts with stem cells to regulate cell fate. In adult stem cells, stem cell niches maintain stem cells in a quiescent state; however, following tissue injury, the surrounding microenvironment signals stem cells to either promote self renewal or differentiation for tissue regeneration. Cell-cell interactions between stem cells, as well as extracellular matrix components, growth factors, cytokines and the physiochemical nature of the environment, including pH, Ca 2+ and metabolites, such as adenosine triphosphate (ATP), are important factors regulating stem cell characteristics within the niche (43) . In this study, to investigate whether hPDLSCs and/or hGFs provide a dentinogenic niche of dental pulp stem cells during the developmental stage, we performed indirect co-culture experiments. Using culture inserts, soluble factors from the cultures of hPDLSCs and hGFs diffused into the hDPC culture at the bottom of the well. After 7 and 14 days of co-culture under differentiation conditions, the transcript levels of DSPP and DMP-1 did not increase in comparison with those in the hDPCs cultured alone (Fig. 5) . In future studies, we aim to perform a co-culture experiment in order to investigate the direct effect on dentinogenesis by cell-tocell interaction, which would address the issue of whether a microenvironment from the extracellular matrix of hPDLSCs and/or hGFs can be a dentinogenic niche for the differentiation of hDPCs in vitro.
